We analyze in this contribution the effect of aging on the electrokinetic properties of magnetite (Fe 3 O 4 ) and hematite (α-Fe 2 O 3 ). In both cases, high-purity commercial samples and monodisperse synthetic particles were studied. Commercial magnetite showed a rather erratic dependence of its electrophoretic mobility u e with the concentration of NaCl. Furthermore, sufficient concentrations of the latter were able to change the sign of the mobility. When KNO 3 solutions were used, although no such change was observed, no clear effect of [KNO 3 ] on the mobility was found, and, in addition, an intense aging effect was detected, as the mobility became increasingly positive in suspensions that were stored over 1 day. The picture was radically different with synthetic magnetite spheres, as the expected overall decrease of u e with either NaCl or KNO 3 concentration was measured. However, also in this case the aging effect was clearly observed: u e tended in this case to more negative values upon suspension storage, and a steady value of the mobility was reached only after 5 days in NaCl (and even longer in KNO 3 solutions). Because of the crystal structure similarities between magnetite and maghemite (γ -Fe 2 O 3 ), it has been shown that the final step of magnetite oxidation is maghemite. This is confirmed in the present study, as the mobility-pH trends of magnetite progressively approach those of maghemite after about 7 days of storage. Since hematite is chemically more stable than magnetite, our study focused in this case on the comparison between commercial and synthetic particles. The former showed a negative mobility at pH 5.5 under all conditions, suggesting an isoelectric point well below the value accepted for hematite (≥7). The effect of aging on commercial samples was again very significant, as u e decreased in absolute value, apparently without limit as the time since preparation was longer. In contrast, synthetic hematite showed a more predictable dependence on ionic strength, and more limited aging effects, as u e reached equilibrium values after around 5 days in NaCl; longer times were required in KNO 3 solutions. C 2002 Elsevier Science
INTRODUCTION
The interest and necessity of monodisperse, spherical particles in colloid science is widely recognized. Because most theoretical rigorous treatments assume spherical geometry-a few other simple geometries, such as cylinders, spheroids, or planar interfaces can also be dealt with in some situationstheir application to a given problem is, at most, an approximation if the colloidal system in hand consists of polydisperse or nonspherical particles. Since the 1950s, a large variety of polymer colloids-mostly polystyrene and copolymers of styrene with other monomers, see Refs. (1, 2)-have become available as so-called "model" particles, because of their almost perfect sphericity and monodispersity. Hence, the large number of investigations devoted to these latexes.
It is clear, however, that the work with model colloids should not be limited to polystyrene, as many other interfaces are of interest, particularly in technological fields, and also due to the fact that one cannot assure that the polystyrene particle surface is perfectly smooth, as often assumed. Hence, the interest and efforts devoted to the synthesis of monodisperse inorganic colloids, with spherical or other controlled geometries. Not only are the industrial applications of such homogeneous powders exponentially growing, but also they offer the possibility of modeling a number of solid/liquid interfaces characterized by a great variety of surface charges, isoelectric and zero-charge points, charge generation mechanisms, and so on (3) (4) (5) . In this article, attention will be focused on iron oxide colloids, in particular magnetite (Fe 3 O 4 ) and hematite (α-Fe 2 O 3 ). They can both be synthesized as rather monodisperse particles of spherical shape; further, hematite can be produced as nice monodisperse spheroids of a wide range of axial ratios (6) (7) (8) , along with a large number of technological applications, ranging from sources of iron metal to the preparation of rare earth/iron garnets or other ferrites (9) .
However, these colloids present some drawbacks that must be kept in mind to avoid misinterpretation of results. Because of the high specific surface area of these fine particles, the contact between the surface and the aqueous dispersion medium is very extensive, and besides, the interface is very reactive, mainly by oxidation, but also by formation of complexes with ions in solution, which in fact can significantly alter the surface charge density (10, 11) . In the colloidal systems to be described below, our main concern will be oxidation processes that may turn the surface of a material into a different one upon aging. As a consequence, reproducibility of electrokinetic measurements and their interpretation could be somewhat risky, unless proper precautions are taken. occupying tetrahedral and octahedral sites in a random fashion (9) . In fact, maghemite is chemically more stable than magnetite, and the latter easily transforms into the former (12, 13) .
An electrokinetic investigation of these processes will be carried out in this paper. To that aim, the effects of both ionic strength and pH on the electrophoretic mobility of commercial magnetite and of synthetic colloidal spheres of the same iron oxide will be analyzed, with emphasis of the evolution with time of the interfacial properties. We will find that electrokinetic techniques are most sensitive to the progressive surface contamination by oxidation. Since maghemite is the most stable form, the results will be compared to those obtained on a commercial γ -Fe 2 O 3 sample. A related problem will also be considered, dealing with the electrokinetic behavior of commercial, high-purity hematite and magnetite as compared to our synthetic samples. Again, we will confirm that electrophoresis can detect the presence of even tiny surface impurities that may make it impossible to gain information about pristine surface properties of (nominally) maximum purity commercial iron oxides.
EXPERIMENTAL
The iron oxides of commercial origin were purchased from Aldrich (Germany), with purity above 99%. The synthetic hematite particles were produced following the procedure described by Ozaki et al. (8) : a solution containing 0.02 M FeCl 3 · 7H 2 O (Merck, Germany) and 0.3 mM NaH 2 PO 4 (Panreac, Spain) was heated for 2 days at 100
• C in a convection oven. The resulting solids were cleaned by repeated cycles of centrifugation and redispersion in Milli-Q (Millipore, France) water. The particles were finally dried at 50
• C under vacuum and stored in plastic bottles. TEM pictures demonstrated that the particles were spheroidal in shape, with semi-axes 280 ± 30 nm and 70 ± 10 nm.
Magnetite particles were synthesized as proposed by Sugimoto and Matijević (6) . The starting point was the preparation of a solution 1 M FeSO 4 containing 0.2 ml of H 2 SO 4 diluted 1 : 1 in water, 55.6 g of FeSO 4 · 7H 2 O (Panreac, Spain), and 200 ml of Milli-Q water previously purged with N 2 . A second solution was also prepared, consisting of 2.5 ml of KOH 5 M (Panreac, Spain), 25 ml of KNO 3 2 M (Panreac, Spain), and 216 ml of H 2 O purged with N 2 . Both solutions were bubbled with N 2 for 2 h, and then 6.5 ml of the first solution was added to the second. The mixture was placed in an oil bath (Memmert, Germany) preheated at 90
• C, and kept at such temperature 4 h. Cleaning was achieved by repeatedly sedimenting the particles with a permanent magnet and redispersing them in water. When the supernatant conductivity was below 2 µS/cm, the particles were dried and stored under N 2 .
Note that the cleaning procedures used for hematite and magnetite were also applied to the commercial material.
The electrokinetic properties of all the samples were determined, under the different conditions described below, by means of electrophoretic mobility measurements performed in a Malvern Zetasizer 2000 (Malvern Instruments, England) instrument. The temperature was set at 25.0 ± 0.5
• C in all experiments. The experimental uncertainty of the measurements was below 5%.
RESULTS AND DISCUSSION

Magnetite
Let us first consider how the ionic strength dependence of the mobility u e of magnetite evolves with time. Figure 1 shows the relationship between u e and the concentration of NaCl for the commercial sample. At low concentration, the variation of the mobility is somewhat erratic whatever the time elapsed after the suspension preparation. Only at high ionic strengths is a consistent decrease of u e with [NaCl] observed, although the rather unexpected result that the mobility changes sign from positive to negative for a concentration ∼5 mM is found. Note also that there is virtually no effect of time, except for the tendency of u e to become slightly more positive for longer times.
When KNO 3 is used as supporting electrolyte for this sample (Fig. 2) , that tendency toward more positive values is confirmed, and the mobility remains positive for all KNO 3 concentrations. This is consistent with the reported value of ∼7 (14, 15) for the isoelectric point of magnetite, since all the experiments were performed at pH ∼5.5. However, as in the case of NaCl, no clear trend (but a rather fluctuating picture) is observed for u e when [KNO 3 ] is varied. From this we can conclude: (i) the electrokinetic behavior of commercial magnetite is rather unpredictable,
FIG. 1.
Electrophoretic mobility of commercial magnetite suspensions as a function of NaCl concentration, on different days after their preparation. Fig. 1 , for KNO 3 as supporting electrolyte.
FIG. 2. Same as
although apparently the surface charge tends to become more positive a few days after preparation of the suspensions; (ii) NaCl is not a good supporting electrolyte for these particles, as it appears to be able to change the sign of the electrokinetic charge, when added in sufficient concentration. Commercial magnetite is thus far from being a good reference or standard colloid.
The situation is rather different when synthetic magnetite spheres, prepared and cleaned as described, are used. Figures 3  and 4 show how their electrophoretic mobility is affected by the concentration of NaCl and KNO 3 , respectively, after different times (up to 7 days). The behavior of u e is now much more coherent: it decreases with ionic strength in both cases and remains positive for the whole concentration interval (10 −5 to 10 −2 M). There is, however, a clear time dependence, roughly identical for the two electrolytes: the mobility tends to decrease as longer times have elapsed since the preparation of the suspensions. Figure 3 suggests that, after 5 days, the particles have reached some equilibrium with the NaCl solution, as the mobility remains essentially unaltered between the fifth and the seventh   FIG. 3 . Electrophoretic mobility of synthetic magnetite spheres as a function of NaCl concentration, on different days after their preparation. Fig. 3 , for KNO 3 as supporting electrolyte.
FIG. 4. Same as
days. In contrast, the attainment of such equilibrium seems to be slower for KNO 3 (Fig. 4) .
In order to check whether this is in fact the case, and to get a better picture of the chemical changes occurring at the magnetite/KNO 3 solution interface, we performed mobility-pH determinations for synthetic particles (always in 1 mM KNO 3 ) on different days after the suspensions were prepared. The results are plotted in Fig. 5 : it is worth pointing out that the isoelectric point changes from pH ∼6.5 to about 5.5 in just 7 days. Interestingly, the electrophoretic mobility-pH curve continues to shift toward more negative values over up to 3 weeks. These aging effects are less important above the isoelectric point, and we can say that a very reproducible value of u e is obtained when the pH is fixed at a value above 7, whatever the time that the suspension is stored. Synthetic magnetite at basic pH appears as a reasonably good reference material for electrophoresis. In Fig. 5 we have included the mobility-pH curve for commercial maghemite (γ -Fe 2 O 3 ): the curve is rather close to that of magnetite between 7 and 14 days. This is a qualitative confirmation of the chemical oxidation process characteristic of magnetite: as already mentioned (9, 16 ) the final step of the oxidation of magnetite in water is maghemite (γ -Fe 2 O 3 ). This means that the evolution of the mobility displayed in Fig. 5 cations are in the crystal structure, a decrease of pH iep upon oxidation from magnetite to maghemite is expected, and can explain our results. We can conclude that magnetite is intrinsically unstable in water from the surface-electrical point of view, so that data on its electrophoretic mobility or zeta potential must always provide also information on the aging characteristics of the material (in addition to its source, route of preparation, and so on).
Hematite
We also compared the electrokinetic behavior of commercial aged hematite with that of synthetic spheroids. Thus, were performed at the natural pH of the systems, ∼5.5. It must be recalled here that the isoelectric point of hematite, although source-dependent, is hardly ever below pH 7 (8, 18, 19) . The erratic dependence of u e on the ionic strength is clearly observed, mainly in the case of NaCl, since increasing [KNO 3 ] above ∼3 mM always decreases |u e |, showing the typical effect of an indifferent electrolyte. Figure 6 also demonstrates that aging the surface of a commercial sample has a significant influence on its mobility: this quantity decreases in absolute value-with no signs of equilibration after 1 week-as the time since preparation increases.
The effect of [NaCl] and [KNO 3 ] on the interfacial properties of synthetic hematite spheroids is more predictable: u e decreases with the ionic strength by double-layer compression, as shown in Fig. 7 . Furthermore, the mobility is positive for all the concentrations and times (except at 10 −2 M NaCl after 9 days: u e is very slightly negative), although there is again an effect of aging: the mobility decreases with time, tending to an approximately constant value after 5 days in NaCl solutions. Like in the case of magnetite, longer equilibration times seem to be needed in the presence of KNO 3 . Hematite can be admitted to reach equilibrium in aqueous solutions of indifferent electrolytes, if it is synthesized with sufficient purity.
